Structure determination by cryo-electron microscopy has approached atomic resolution and helped solve structures of large membrane-protein complexes that resisted crystallography. The 4.0 Å cryo-EM structure of one of the most intricate enzyme systems, the respirasome, in the mitochondrial inner membrane is reported in this issue of Cell.
The 1.7 MDa respirasome complex is a supercomplex consisting of OXPHOS respiratory complexes I (NADH:ubiquinone oxidoreductase), III (cytochrome c reductase) and IV (cytochrome c oxidase). This polyprotein complex couples electron transfer from the oxidation of NADH to proton pumping across the inner membrane generating the proton gradient used in ATP synthesis. Electron transfer between the three respiratory complexes is mediated by two mobile electron carriers ubiquinone and cytochrome c ( Figure 1A) .
The respirasome, designated as supercomplex SC(I + III 2 + IV), consists of the 44 distinct subunits of Complex I (CI), the 22 subunits of dimeric Complex III (CIII), and one Complex IV (CIV) unit of 14 subunits. This represents only one of a myriad of respiratory supercomplexes. This current porcine heart respirasome structure follows 5.4 Å structures reported this past summer for porcine and ovine heart SC(I + III 2 + IV) complexes (Letts et al., 2016; Gu et al., 2016) . In addition, 3.9 and 4.2 Å structures of ovine and bovine Complex I, respectively, were recently reported (Fiedorczuk et al., 2016; Zhu et al., 2016) .
The enhanced resolution in the current porcine heart SC(I + III 2 + IV) reported by Wu et al. in this issue of Cell leads to a multitude of novel observations. First, whereas crystal structures have been available for bovine CIII and CIV since the late 1990s, the porcine respirasome and ovine CI 3.6 Å and 3.9 Å structures reveal atomic resolution of all 45 subunits of CI (Wu et al., 2016; Fiedorczuk et al., 2016) . Second, the previous low resolution 19-24 Å structures revealed prominent gaps between complexes leading to speculation that additional supercomplex stabilizing factors may be present once higher resolution structures were obtained. In the atomic structures, it is clear that the porcine SC(I + III 2 + IV) lacks any additional stabilizing proteins. Two previously implicated SC stabilizing factors are COX7A2L and HIGD2. Although COX7A2L can exist within SC(I + III 2 + IV), it is now known to primarily facilitate the CIII-CIV interaction (Cogliati et al., 2016; Pé rez-Pé rez et al., 2016) . Different isoforms of COX7A exist including COX7A1, COX7A2, and COX7A2L. The presence of COX7A2 isoform correlates primarily with unassociated monomeric CIV complex, whereas COX7A1-containing CIV species favor dimeric CIV complexes (Cogliati et al., 2016) . Replacement of COX7A1 with COX7A2L (SCAFI) permits assembly of the CIII-CIV heterocomplex and SC formation in some tissues (Cogliati et al., 2016) . The porcine respirasome clearly lacks the COX7A2L isoform, so additional work is needed to discern the effects of CIV subunit remodeling on respirasome function. The porcine respirasome also lacks HIGD1 or HIGD2 factors implicated in SC stabilization (Chen et al., 2012) . The hypoxia-inducible HIGD1a protein has been shown to be a positive regulator of CIV (Hayashi et al., 2015) , so one type of CIV remodeling may occur during stress conditions such as hypoxia to enhance respiratory function.
The high-resolution structures reveal numerous cofactors important in CI stability and whose presence opens new questions about regulation ( Figure 1B ). All eight Fe-S clusters in the peripheral arm of CI are observed as is the FMN moiety in the catalytic NDUFV1 subunit. One question concerns the role of the N1a Fe-S cluster that lies outside the main electron transfer wire to the N2 cluster, the terminal cofactor mediating reduction of ubiquinone. In addition to the Fe-S cofactors, the CI subunit NDUFS6 has a structural Zn(II) (S 3 N 1 ) site. Zn(II) thiolate sites can function as redox switches in that Zn(II) binding is lost by either oxidation or nitrosylation of thiolates from reactive oxygen or nitrogen oxide species. Evidence on whether NDUFS6 is susceptible to nitrosylation is currently lacking, but such a reaction may alter electron transfer through the nearby N6a and N5 Fe-S clusters. A novel cofactor observed is a non-catalytic NADPH bound to NDUFA9 in the peripheral arm of CI and in close juxtaposition to the N2 Fe-S cluster near the ubiquinone site. If NADPH association in NDUFA9 is in dynamic exchange with the matrix milieu, NADPH binding may contribute allosteric regulation of CI. NADPH is critical for maintaining reduced GSH and thioredoxin levels. Thus, CI function may be redox modulated.
An intriguing aspect of the CI structure is that two structural subunits are a repurposed protein, acyl carrrier protein (ACP), which has a critical function in the mitochondrial synthesis of lipoic acid cofactors used in the mitochondrial citric acid cycle. Two ACP molecules, in complex with two distinct leucine/tyrosine/arginine motif (LYRM)-containing subunits, are associated with the peripheral and membrane arms of CI. Deletion of the CI peripheral arm LYRM subunit in Yarrowia compromises CI function (Angerer et al., 2014) . The ACP-LYRM interaction is mediated in part by the phosphopantetheine cofactor on ACP and the acyl chain appended to it. The decanoyl C10 fatty acid chain on the cofactor is flipped out and embedded within the three-helix
